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computed for the four tasks. For the four tasks, nineteen of the computed
kinematic indices showed an age effect. Seventeen indices (the accuracy, speed
and smoothness indices and the reproducibility of the accuracy, speed and
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in adults aged 30– 60 years and declined in elderly subjects aged 60–93 years.
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Abstract—Kinematics is recommended for the quantitative
assessment of upper limb movements. The aims of this study
were to determine the age effects on upper limb kinematics
and establish normative values in healthy subjects. Three
hundred and seventy healthy subjects, aged 3–93 years,
participated in the study. They performed two unidirectional
and two geometrical tasks ten consecutive times with the
REAplan, a distal effector robotic device that allows upper
limb displacements in the horizontal plane. Twenty-six
kinematic indices were computed for the four tasks. For
the four tasks, nineteen of the computed kinematic indices
showed an age effect. Seventeen indices (the accuracy, speed
and smoothness indices and the reproducibility of the
accuracy, speed and smoothness) improved in young subjects
aged 3–30 years, showed stabilization in adults aged 30–
60 years and declined in elderly subjects aged 60–93 years.
Additionally, for both geometrical tasks, the speed index
exhibited a decrease throughout life. Finally, a principal
component analysis provided the relations between the
kinematic indices, tasks and subjects’ age. This study is the
ﬁrst to assess age effects on upper limb kinematics and
establish normative values in subjects aged 3–93 years.
Keywords—Robotics, Kinematics, Outcome assessment,
Healthy volunteers, Biomechanics, Normative values.
INTRODUCTION
Motor abilities in healthy subjects evolve during
their lives. Children display uncontrolled upper limb
movements in the ﬁrst months after birth, after which
they develop reaching and grasping movements in the
ﬁrst year of life. These abilities are transferred to
activities of daily living (ADLs) (such as eating and
dressing) in subsequent years.18 Subsequently, young
adults maintain or improve these abilities by per-
forming physical activities.7 Finally, a decrease in
physical performance and functional abilities is con-
sidered to appear progressively in the elderly.2,14
However, this evolution throughout life has not yet
been proven based on objective and quantitative
measures.
Indeed, the upper limb motor ability of subjects,
regardless of their age, is typically described through
observations, interviews, and standardized and non-
standardized assessments.5,14 The majority of these
measures are subjective and employ ordinal scales.5,14
Several authors have recommended the use of kine-
matics to objectively and quantitatively assess upper
limb movements in subjects to avoid the drawbacks of
ordinal scales.1,10–12,16,29
The evolution of subjects’ upper limb kinematics
across various ages has been investigated in healthy
subjects. Previous studies have demonstrated the ef-
fects of age on upper limb kinematics in children aged
from 3 to 18 years.10,24 Olivier et al.23 showed progress
in upper limb kinematics over time by comparing
children (age range in years: [6–11]) and young adults
(mean age in years: 38). Finally, some studies have
objectiﬁed the aging of upper limb kinematics by
comparing young adults (age range in years: [20–23])
and the elderly (age range in years: [70–80]).4 However,
the sample sizes and age criteria employed in these
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studies were limited and did not allow the authors to (i)
quantify the evolution of upper limb kinematics
throughout life or (ii) determine an age limit of
maturity for upper limb kinematics. The development
of children, the age limit for maturity among subjects
and aging might be objectiﬁed with upper limb kine-
matics, which has never been studied.
The present study is companion paper to a previous
study10 assessing the age effects on upper limb kine-
matics in ninety-three healthy children aged three to
twelve years using the REAplan. The REAplan is a
planar end-effector robotic device that allows mobi-
lization in a horizontal plane resulting from move-
ments of the upper limbs.27 The results showed that
almost all kinematic indices improved during child-
hood (older children exhibited better upper limb
movements).
In order to widespread the normal sample, the
present study investigated the evolution of upper limb
kinematics throughout life. Even though the motor
development of subjects during their lives has been well
described,2,7,14,18 this study aimed to quantify this
evolution and to establish normative values for upper
limb kinematics in healthy subjects aged 3–93 years.
MATERIALS AND METHODS
Subjects
Three hundred and seventy healthy subjects partici-
pated in this study. These subjects were recruited from a
nursery, a primary school (Chapelle-aux-champs school,
Brussels), a high school (Lyce´e Martin V, Louvain-la-
Neuve), a university (Universite´ catholique de Louvain,
Brussels and Louvain-la-Neuve) and a nursing home (Le
Point du Jour, Bierges). The inclusion criteria consisted of
an age greater than 3 years and adequate cognition skills
for following instructions. These skills were veriﬁed by
checking the correct application of instructions in all
subjects and a score greater than 24/30 on the Mini
Mental State Examination in elderly individuals older
than 75 years. The exclusion criterionwas the presence of
any disorder that could alter the movements of the tested
upper limb. The characteristics of the included subjects
and the sample size of each age group are reported in
Table 1. All of the participants and the children’s parents
received an informative letter explaining the nature, aim
and duration of the experiment, and all of these individ-
uals provided informed consent. The ethics board of our
Faculty of Medicine approved this study.
Hand Dominance
The following test was used to determine hand
dominance in children less than 13 years: each child
was asked to pick up and throw a ball while the
examiner observed which hand was used. For the older
subjects, the dominant hand corresponded to the hand
mainly used in ADL, such as writing.
Kinematic Assessment
Robotic Device
The robot used in the present study was the research
prototype REAplan (Fig. 1). The REAplan is a distal
effector robotic device that allows upper limb dis-
placements in the horizontal plane. REAplan is ﬁtted
with force and position sensors. The force sensors are
intended to measure the interaction force between the
subject and the robot, which allows the determination
of a reference force using a force controller. The
position sensors measure the kinematics of the sub-
ject’s hand to determine the reference force on a
positional basis and on the basis of the speciﬁc exer-
cises performed with the robot. For this study, the only
reference force used was a slightly viscous friction force
to avoid the strange sensation of moving the hand on a
frictionless surface. For the purposes of the study, the
kinematic information provided by the position sen-
sors was recorded during the exercise, which enabled
us to analyze the data off-line (acquisition frequency
125 Hz). The robot is also equipped with a screen
TABLE 1. Characteristics of the subjects and sample size of each age group.
Healthy subjects (n = 370)
Age range (years) 3–10 11–20 21–30 31–40 41–50 51–60 61–70 71–80 81–93
Sample (n) 78 70 55 46 29 21 19 18 34
Age (years), mean (SD) 7.0 (2.2) 14.5 (2.5) 25.0 (2.9) 35.8 (3.0) 45.1 (2.9) 55.5 (2.7) 65.2 (2.3) 75.3 (3.0) 86.9 (4.0)
Gender (male/female), n 32/46 29/41 34/21 28/18 12/17 7/14 8/11 9/9 10/24
Weight (kg), mean (SD) 25.3 (8.1) 54.0 (11.9) 68.6 (12.0) 71.8 (15.3) 71.3 (18.4) 68.5 (12.1) 68.3 (12.0) 61.9 (8.5) 60.6 (13.4)
Height (m), mean (SD) 1.24 (0.2) 1.66 (0.11) 1.75 (0.09) 1.74 (0.10) 1.71 (0.11) 1.72 (0.07) 1.69 (0.09) 1.66 (0.07) 1.63 (0.11)
BMI (kg/m2), mean (SD) 15.8 (2.3) 19.4 (2.5) 22.3 (2.9) 23.4 (3.8) 24.7 (6.3) 23.3 (3.0) 23.7 (2.3) 22.4 (2.5) 22.7 (2.3)
Dominant arm (right/left), n 73/5 63/7 49/6 38/8 28/1 21/0 17/2 18/0 31/3
BMI body mass index, SD standard deviation.
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positioned in front of the subject. This screen displayed
the tasks (Fig. 2; see description below) and provided
to the subject a real time feedback of their movements.
Tasks
All participants were subjected to the protocol de-
scribed by Gilliaux et al.10 Kinematic indices were
computed from two unidirectional tasks (i.e., reaching
a target [target task] and performing a back-and-forth
movement [Free Amplitude task]) and two geometrical
tasks (i.e., drawing a circle [circle task] and a square
[square task]). These tasks, which are illustrated in
Fig. 2, were performed ten consecutive times with the
dominant arm at spontaneous speeds using REAplan.
Kinematic Analyzes
For each task, the elapsed time of the end-eﬀector
position was recorded by the robot (acquisition fre-
quency 125 Hz). These variables were analyzed for
each task using a speciﬁc customized program in a
LabWindows/CVI (8.5) environment in order to
compute kinematic indices. In comparison to our
previous study,10 two of the twenty-eight kinematic
indices were not computed. Indeed, the Amplitude and
CVamplitude indices were removed because the greater
subjects did not reach as far as they could because their
movements were halted by the robot’s mechanical
stop. Thus, for this study, we computed the twenty-six
kinematic indices described below.
For the Free Amplitude task, the computed indices
included the speed, straightness (ratio between the
amplitude and path length covered by the subject; ra-
tios closer to 1 indicate more rectilinear paths) and
smoothness (ratio between the mean and peak speed;
ratios closer to 0 indicate less smooth movements).26
For the target task, the accuracy index was added
(distance between the target position and the end
FIGURE 1. View of the REAplan. 1: planar end-effector robot;
2: visual interface for the subject; 3: physiotherapist’s inter-
face.
FIGURE 2. For each task (a, b, c, d), illustrations of the requested task presented on the visual interface (first column) and the ten
cycles of movement performed by a subject aged 40 years (second column) are shown.
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position achieved by the subject; higher scores indicate
more inaccurate movements). For the square and circle
tasks, we computed the shape accuracy (distances
mean between reference shape and shape drawn by the
subject; higher scores indicate more inaccurate move-
ments),11 speed and smoothness indices. Each index in
this protocol was computed from the 10 cycles of
movement and was averaged. The coefﬁcient of vari-
ation (CV), calculated from the subjects’ 10 cycles of
movement, was computed for each index.
Statistical Analysis
Age Eﬀects for Upper Limb Kinematics
For each kinematic index, a polynomial quadratic
curvewas ﬁttedbasedon the results for the threehundred
and seventy subjects using SigmaPlot 11.0 software
(WPCubed GmbH, Munich, Germany). A correlation
coeﬃcient (r) related to each polynomial quadratic curve
was used to quantify the age effects. For each kinematic
index, an age effect was considered to occur if the r
coefﬁcient was ‡0.30, corresponding to a moderate (r
range [0.30–0.60]) to excellent (r> 0.60) correlation.10,29
Normative Values for Upper Limb Kinematics
Normative values were established as a function of
the age eﬀect results. For each index that was inﬂu-
enced by age (r ‡ 0.30), the normative value corre-
sponded to the following equation,ðfÞ ¼ a  years2þ
b  yearsþ c;where a, b and c are constant parameters
and years corresponds to the subject’ age. This equa-
tion represents a polynomial quadratic curve providing
the corresponding kinematic results for a speciﬁc age.
For each index that was not inﬂuenced by age
(r< 0.30), the normative value corresponded to the
average of the results for the three hundred and sev-
enty subjects.
Principal Component Analysis
Although the age eﬀects for upper limb kinematics
were quantiﬁed with a quadratic method, the relations
between the kinematic indices, tasks and subjects’ age
were investigated with the linear technique of principal
component analysis (PCA). Indeed, a PCA was per-
formed using StatView 5.0 software (SAS Institute,
Cary, NC, USA) with the following model:
Y ¼ PX;
where X is the original subjects’ kinematic results and
age of subjects. X corresponds to the m x n matrix,
where m = 27 (kinematic indices and age) and n = 370
(subjects number). Y corresponds to the new matrix
results, resulting from of the orthogonal linear trans-
formation P (using Varimax transformation). Thus, Y
FIGURE 3. Example of the evolution of upper limb kinematics throughout life. For the circle task, an illustration of the requested
circle task (upper graph) presented on the visual interface and the circle task performed (lower graphs) by a child (first column), an
adult (second column) and an elderly subject (third column) are shown.
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corresponds to a new m x n matrix, where m = 4
(principal components) and n = 27 (kinematic indices
and age). The eigenvalues magnitude and variance
proportions of each principal component (PC) are
computed. The Bartlett’s v2 of this PCA was also
calculated. Finally, we highlighted the indices that
contributed to the same PC with a factor loading
‡0.60.29
RESULTS
Age Eﬀects and Normative Values for upper Limb
Kinematics
The Fig. 3 illustrates the evolution of upper limb
kinematics throughout life. For the Free Amplitude
task, four of the six indices showed an age effect (r range
[0.40–0.54]). Indeed, the speed and smoothness indices
exhibited an increase from 3 to 30 years, a steady-state
between 30 and 60 years and a decrease from 60 to
93 years. Moreover, the speed and smoothness results
were more reproducible during the ten cycles of move-
ments in young adults (age range in years = [30–60])
than in children (<30 years) and older adults
(>60 years). The twoother indices did not showany age
effect (r = 0.25 and 0.28) (Table 2; Fig. 4).
For the target task, three of the eight indices showedan
age eﬀect (r range [0.30–0.57]). Indeed, the accuracy index
exhibited a steady-state from 3 to 40 years and decrease
from 40 to 93 years. The speed index showed increase
from 3 to 30 years, steady-state between 30 and 60 years
and decrease from 60 to 93 years. Moreover, the speed
results were more reproducible during the ten cycles of
movements in older adults (>60 years) than in younger
subjects (<60 years). The ﬁve other indices did not ex-
hibit any age effect (r range [0.07–0.22]) (Table 2; Fig. 4).
For both geometrical tasks, all of the indices showed
an age eﬀect (r range [0.30–0.70]). Indeed, the accuracy
index exhibited decrease from 3 to 30 years, steady-
state between 30 and 60 years and decrease from 60 to
93 years. Furthermore, the speed index decreased
throughout life, and the smoothness index showed in-
crease from 3 to 30 years, steady-state between 30 and
TABLE 2. Results regarding age effects for each kinematic index; for each kinematic index showing an age effect, the coefficients
(a, b and c) and the standard deviation of the equation corresponding to the subjects’ kinematic results as a function of age
(F 5 aÆyears2 + bÆyears + c) are presented; for each kinematic index without an age effect, the mean and the standard deviation
corresponding to the subjects’ kinematic results are presented regardless of their age.
Age effect a b c Mean SD
Free amplitude
Straightness 0.25 1.00 0.01
CVstraightness (%) 0.28 0.7 0.9
Speed (cm/s) 0.50* 20.005 0.369 12.1 6.2
CVspeed (%) 0.41* 0.004 20.303 16.1 5.7
Speed metric 0.40* 24.4 E205 0.003 0.54 0.07
CVspeed metric (%) 0.54* 0.004 20.387 14.9 4.2
Target
Accuracy (cm) 0.30* 25.4 E205 2.0 E204 1.0 0.4
CVaccuracy (%) 0.07 46.6 21.3
Straightness 0.11 0.98 0.05
CVstraightness (%) 0.09 2.3 5.7
Speed (cm/s) 0.57* 20.005 0.408 6.5 5.0
CVspeed (%) 0.46* 0.002 20.340 27.0 7.6
Speed metric 0.08 0.48 0.06
CVspeed metric (%) 0.22 16.2 11.6
Circle
Shape accuracy (cm) 0.34* 1.0 E204 20.012 0.88 0.3
CVshape_accuracy (%) 0.52* 0.005 20.578 32.4 8.0
Speed (cm/s) 0.50* 2.0 E204 20.078 8.3 2.9
CVspeed (%) 0.49* 0.005 20.416 17.8 5.1
Speed metric 0.62* 28.4 E205 0.005 0.59 0.10
CVspeed metric (%) 0.44* 0.003 20.234 13.5 3.9
Square
Shape accuracy (cm) 0.30* 8.3 E205 20.008 0.67 0.2
CVshape_accuracy (%) 0.51* 0.004 20.462 33.4 7.6
Speed (cm/s) 0.58* 23.0 E204 20.024 6.3 1.8
CVspeed (%) 0.40* 0.003 20.282 14.8 4.5
Speed metric 0.70* 27.8 E205 0.005 0.49 0.07
CVspeed metric (%) 0.44* 0.003 20.212 13.7 4.0
* Indicates indices with age effects (p<0,001; r ‡ 0.3)s.
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50 years and decrease from 50 to 93 years. Finally, the
accuracy, speed and smoothness results were more
reproducible during the ten cycles of movements in
adults (age range in years: [30–60]) than in young
subjects (<30 years) and older adults (>60 years)
(Table 2; Fig. 5).
The coeﬃcients of the equation (F = aÆyears2 +
bÆyears + c) are provided for each kinematic index
that was inﬂuenced by age (Table 2). For each kine-
matic index that was not inﬂuenced by age, the nor-
mative values corresponded to the mean of results for
the three hundred and seventy subjects (Table 2).
Principal Component Analysis
The Bartlett’s v2 of the PCA was equal to 4639.6 (p
value< 0.001). The new matrix [Y] resulting from the
PCA is presented in Table 3. The factor loading of
each kinematic index, the variance proportions and the
eigenvalues magnitude are provided for the four PCs
(Table 3). The two ﬁrst PCs showed that subjects’ age
and kinematic indices computed from the circle, square
and target tasks were related as follows (Table 3):
– The speed metric and CVspeed metric indices
(both geometrical tasks), the speed index (target
task) loaded on the ﬁrst PC ( | factor loading |
range [0.65–0.80]).
– The speed index (both geometrical tasks),
CVshape_accuracy (circle task), and age loaded on
the second PC ( | factor loading | range [0.66–
0.79]).
The two last PCs showed that the kinematic indices
computed from the Free Amplitude and target tasks
were related as followed (Table 3):
– The straightness, CVstraightness, speed metric and
CVspeed metric indices (target task) loaded on the
third PC ( | factor loading | range [0.73–0.84]).
– The straightness, CVstraightness and CVspeed metric
indices (Free Amplitude task) loaded on the
fourth PC ( | factor loading | range [0.68–0.80]).
FIGURE 4. For each index assessed in the free amplitude and target tasks, illustrations of the normative values for healthy
subjects (corresponding to the black line 6 2 SD [Gray area]; 1 point corresponds to 1 subject’s result) are shown as a function of
age.
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DISCUSSION
The aims of this study were to assess the age eﬀects
and establish normative values for upper limb kine-
matics in three hundred and seventy healthy subjects
aged between 3 and 93 years. The relations between
the subjects’ kinematic results and their age were also
investigated based on PCA.
Age Eﬀects and Normative Values for upper Limb
Kinematics
For all of the tasks assessed in this study, two third
of the computed kinematic indices showed an age ef-
fect. Upper limb kinematics improved in young sub-
jects aged from 3 to 30 years, were stable in adults aged
between 30 and 60 years and declined in elderly sub-
jects aged from 60 to 93 years. These results were
consistent with previous studies that have shown
maturation of upper limb movements in children aged
from 3 to 18 years10,24 and signiﬁcant aging in the
elderly.4,20 Indeed, older children’s movements
(>8 years) were larger,10,24 smoother, and more linear,
accurate and reproducible10 than younger children’s
movements (<8 years). Moreover, the movements of
elderly individuals (age mean ± SD in years:
[75.3 ± 4.0]) were slower and less smooth than the
movements of young adults (age mean ± SD in years:
[22.1 ± 0.1]).20 Surprisingly, the speed index for both
geometrical tasks decreased throughout life. The speed
of the upper limb movements may have been inﬂu-
enced by the ‘‘spontaneous speeds’’ instruction. This
instruction was essential to allow the subjects to per-
form natural movements. However, the maximum
speed abilities of the upper limbs were not assessed.25
Thus, further experiments could speciﬁcally assess the
evolution of the maximum speed abilities of the upper
limb in healthy subjects throughout life.
This paper adds some biomechanical understanding
of upper limb ability throughout life. This study is in
accordance with the ﬁndings of Mathiowetz et al.,21,22
who quantiﬁed the evolution of manual dexterity in
1,099 healthy subjects aged between 6 and 94 years
using the box and block test. These authors showed
that manual dexterity improved from 6 to 24 years of
age and progressively declined from 25 to 94 years of
age. However, although human development
throughout life has been well characterized,2,7,14,18 the
current work and that of Mathiowetz et al.21,22 are the
only studies to quantify this evolution using upper limb
kinematics 1 and manual dexterity.21,22
Finally, researchers and clinicians could use this
norm-referenced protocol to assess upper limb kine-
matics in patients. Previous studies have quantiﬁed the
kinematic alterations of the upper limbs in children
with cerebral palsy,13,17 young adults with multiple
FIGURE 5. For each index assessed in the circle and square tasks, illustrations of the normative values for healthy subjects
(corresponding to the black line 6 2 SD [Gray area]; 1 point corresponds to one subject’s result) are shown as a function of age.
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sclerosis3,30 and older adults with stroke,1,11,29 or
Parkinson disorders.15,19 Hence, this norm-referenced
protocol could be considered as a reference for com-
paring how these pathologies affect upper limb kine-
matics regardless of the patient age. Then, our protocol
could be computed to monitor the evolution of upper
limb kinematics in patients during rehabilitation, for
example, when employing robot-assisted therapy,6,13
constraint-induced movement therapy31 and botuli-
num toxin.8,9 Finally, a robot is an assessment tool but
also a rehabilitation tool. Kinematic analyzes com-
puted during robot-assisted therapy could enable the
device to adapt the level of assistance provided to the
patients in real time.13
Principal Component Analysis
The relations between kinematic indices computed
from four tasks and the subjects’ age were investigated
through PCA to limit redundancy within this protocol.
Both unidirectional tasks should be included in each
kinematic assessment of the upper limbs, as recom-
mended by Gilliaux et al.11 Indeed, both unidirectional
tasks assessed separate movement characteristics be-
cause these tasks were not related between them and
with geometrical tasks (Table 3). Moreover, both tasks
assess rhythmic (i.e., Free Amplitude) and discrete (i.e.,
target) movements, which involve different neuronal
mechanisms.28 In addition to the two unidirectional
tasks, one of the geometrical tasks should be included
in each assessment for two reasons. First, the two
geometrical tasks contributed to the same PCs but did
not contribute to the PC related to the two unidirec-
tional tasks (Table 3). Second, assessing only one
geometrical task could allow a less time-consuming
assessment to be performed and limit the exhaustion of
patients with severe impairments. Finally, some kine-
matic indices were related with each other (see Ta-
ble 3). These indices should not be included in the
same assessment to (i) avoid redundancy and (ii)
TABLE 3. Factor loadings of the principal component analysis for the three hundred and seventy subjects for age and twenty-six
kinematic indices.
PC 1 (factor loading) PC 2 (factor loading) PC 3 (factor loading) PC 4 (factor loading)
Age (years) 20.37 20.66 0.04 20.16
Free amplitude
Straightness 0.11 20.16 0.00 20.80
CVstraightness (%) 20.18 0.18 20.04 0.78
Speed (cm/s) 0.47 0.33 0.22 20.32
CVspeed (%) 20.52 20.07 20.03 0.41
Speed metric 0.39 0.11 20.12 20.42
CVspeed metric (%) 20.39 0.04 20.01 0.68
Target
Accuracy (cm) 0.53 0.02 0.09 0.32
CVaccuracy (%) 20.13 0.12 0.35 20.36
Straightness 20.10 20.03 20.84 0.04
CVstraightness (%) 0.07 0.05 0.83 20.05
Speed (cm/s) 0.66 0.06 0.27 20.14
CVspeed (%) 0.13 0.48 0.40 0.22
Speed metric 20.01 20.01 20.73 0.01
CVspeed metric (%) 0.09 0.03 0.83 0.06
Circle
Shape accuracy (cm) 20.19 0.58 0.10 20.06
CVshape_accuracy (%) 20.16 0.75 0.03 0.10
Speed (cm/s) 0.35 0.79 20.02 20.09
CVspeed (%) 20.59 0.26 0.04 0.21
Speed metric 0.69 0.55 0.00 20.17
CVspeed metric (%) 20.68 20.08 0.09 0.15
Square
Shape accuracy (cm) 20.17 0.48 0.09 0.02
CVshape_accuracy (%) 0.07 0.58 20.02 0.07
Speed (cm/s) 0.49 0.75 0.01 20.03
CVspeed (%) 20.53 0.30 0.00 0.18
Speed metric 0.80 0.31 0.05 20.12
CVspeed metric (%) 20.65 0.04 20.11 0.06
Variance proportions, % 23 14 11 6
Eigenvalue magnitude 6.2 3.9 2.9 1.7
PC principal component, CV coefficient of variation.
For each PC, the indices that contributed to the same PC (factor loading ‡0.60) are shown in bold.
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facilitate the monitoring of healthy subjects’ evolution
over time and patients’ progress during therapy.
We could argue that the PCA results could be skewed
because our sample was not uniformly distributed. We
ﬁrstly computed by lottery a new dataset providing
kinematic results in healthy subjects with the same
sample size (n = 18) in each age group (9 groups). From
this new dataset, we computed the PCA as described
above (see ‘‘Method’’ section). These new PCA results
were globally similar than those provided in this study
(data are not shown), conﬁrming that a comprehensive
assessment of upper limb kinematics should include
both unidirectional tasks and one geometrical task.
Limitations and Perspectives
This study presents several limitations.
This protocol was standardized to involve unidirec-
tional (i.e. Free Amplitude and target tasks) or multi-
directional/graphical (i.e. circle and square tasks)
movements. Moreover, these movements could be
rhythmic (i.e. Free Amplitude and circle tasks) or dis-
crete (i.e., target and square tasks). Further studies could
also assess age eﬀect of upper limb kinematics by com-
puting other tasks (e.g. functional movements), which
could change the results of upper limb kinematics.
This study did not take into account subjects’ con-
textual factors (social classes, physical activity, moti-
vation), which could inﬂuence the outcomes. Further
studies could assess the relations between these factors
and the upper limb kinematics in healthy subjects.
CONCLUSIONS
This study was the ﬁrst to assess the eﬀect of age and
establish normative values for upper limb kinematics in
healthy subjects aged 3–93 years. Researchers and
clinicians could use this norm-reference protocol to (i)
quantitatively and objectively assess upper limb move-
ments in subjects, regardless of their age and pathology,
and (ii) monitor healthy subjects’ evolution over time
and patients’ progress during therapy. A robotic device
is a rehabilitation tool but also an assessment tool. Ro-
botic assessment of upper limb kinematics could im-
prove accuracy, objectivity and sensitivity in routine
assessments performed in clinical and research settings.
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